Lung cancer is difficult to control locally by radiotherapy and is known to have frequently p53 mutations. Previous results have shown that non-small-cell lung cancer (NSCLC) cell lines with nonfunctional p53 have a higher fraction of radiation-induced apoptosis and that apoptosis follows after the release from the G2/M arrest. The aim of the present work was to study whether inhibition of the p53 response in NSCLC cell lines can modulate the G2/M arrest and the induction of apoptosis after ionizing radiation. Antisense oligodeoxynucleotides (As-ODNs) were used to inhibit the p53 response in the cell lines H460 and A549 with functional p53. In addition, H661 with nonfunctional p53 was used. The results have shown that As-ODNs targeting mRNA of p53 and p21 downregulate radiation-induced expression of p53 and p21 WAF1/CIP1 . Delayed apoptosis (35.774.2% in H460, 1.270.4%
O ne of the most ubiquitous genetic alterations in human cancers is p53 mutation. About 37% of all human malignancies and 60% of lung tumors carry a p53 mutation. 1 Expression of p53 is rapidly upregulated after ionizing radiation-induced DNA damage, followed by transcriptional activation of several downstream genes such as p21 WAF1/CIP1 , cyclin G, GADD45 and 14-3-3s whose expression products function as regulators of diverse aspects of cell growth. The p53 protein is a critical regulator of cellular growth controlling both proliferation and apoptotic response of cells. The induction of the p21 WAF1/CIP1 protein after ionizing radiation mediates p53-dependent G1 arrest via its inhibitory effects on cyclin-dependent kinases (CDKs) required for S-phase entry. 2, 3 Recent studies have shown that p53-responsive pathways also promote radiation-induced arrest in G2 4, 5 and that the duration of G2 arrest was longer in cell lines with active p53. [6] [7] [8] The role of p53 in radiation-induced cell cycle arrest in G2, however, is until now not completely characterized. Radiation-induced inhibition of the mitosis-promoting cyclin-dependent kinase cdc2, by phosphorylation 9, 10 or by p53-dependent nuclear translocation 7, 11 through activation of 14-3-3s 12 was found to be responsible for the G2 arrest. The G2/M checkpoint is also regulated through p21 WAF1/CIP1 in cooperation with other proteins such as GADD45 and 14-3-3. 13, 14 Recently, it was shown that p21 selectively inhibits the expression of genes involved in cell cycle progression, 15 some of which are involved in DNA replication (Orc1, DNA polymerase a), chromatin segregation (topoisomerase IIa), chromatin formation (high-mobility group proteins 1 and 2) and mitosis (Cdc2, cyclin B1).
It is suggested that p53-dependent G1-and G2-arrest response may allow cells to repair DNA damage induced by ionizing radiation or other genotoxic agents prior to transit through the cell cycle to initiate DNA synthesis, replication and mitosis. When DNA repair is not possible, that is, after severe genetic damage, cells undergo a permanent growth arrest. Alternatively, the G1 and G2 arrests are aborted and cells show one or two abortive mitotic cell cycles prior to apoptosis depending on the cell type and growth conditions. 8, 16, 17 Loss of p53 function decreases the apoptotic response in several cell types after irradiation programmed for proliferation-independent early-interphase apoptosis. 18 However, in most cell types of solid tumors, early apoptosis after irradiation before the release from G2 block is not a common event. 19, 20 In contrast to earlyinterphase apoptosis, late proliferation-dependent radiation-induced apoptosis after release from the G2 block is a general phenomenon in all mammalian cells inclusive of epithelia. A prerequisite for radiation-induced late apoptosis is cell cycle progression beyond the radiationinduced G2-phase block. This was shown in lymphoid cells, 21 small intestinal epithelia 22 and NSCLC cell lines. 8 The aim of this study was to determine the importance of p53-responsive pathways in regulating cell cycle progression and ionizing radiation-induced apoptosis in human non-small cell lung cancer (NSCLC) cell lines expressing wild-type p53. In order to modulate p53-responsive pathways, a gene therapy approach using antisense oligonucleotides targeting p53 and p21 WAF1/CIP1 mRNA was used.
Materials and methods

Cell culture and irradiation of cells
The NSCLC cell lines H460 and H661 were obtained from American Type Culture Collection (ATCC, Rockville, MD) and were grown in RPMI 1640 containing 10% fetal calf serum. The NSCLC cell line A549 was obtained from DSZM (Deutsche Sammlung von Zellukturen und Mikroorganismen, Braunschweig, Germany) and was grown in Eagle's minimal essential medium (MEM) supplemented with 15% fetal calf serum. Both the media were supplemented with nonessential amino acids, penicillin/streptomycin (100 U/ml, all from Gibco-BRL, UK). Cells were irradiated using a Co-60 source at a dose rate of 1.9 Gy/min.
Oligodeoxynucleotides
A total of three antisense oligodeoxynucleotides (AsODNs) targeting various regions of the p53 messenger RNA, and one unrelated oligodeoxynucleotides (UR ODN) were used. All ODNs were phosphothioates purified by high-pressure liquid chromatography. The sequences derived from a cDNA sequence were synthesized and purified by HPLC according to the recommendations by the local supplier (BioTez, Berlin, Germany 27 The overall concentration of ODN was kept constant by filling up with UR ODNs. Under the conditions used, FITClabelled control ODNs were taken up by more than 90% of the cells.
BrdU/Hoechst quenching technique
A 5-bromo deoxyuridine (BrdU)/Hoechst quenching technique was used for measurements of cell cycle progression after irradiation by flow cytometry. 28 Briefly, cells were continuously labelled with an equimolar concentration of 40 mM BrdU and deoxycytidine (Sigma, Deisenhofen, Germany) directly after irradiation. Cell cultures were harvested at various time points after irradiation and bivariate BrdU/Hoechst-ethidium bromide (EB) cytograms were measured as described elsewhere. 8 For each cytogram, regions corresponding to the cell cycle compartments were defined and the number of cells determined for calculation of the percentage of cells in each compartment. Irradiated cells in G1 and early S phases can be followed into the G2 phase (G2f) of the first cell cycle (cell cycle at the time of irradiation), and eventually to the next G1 (G1 0 ) or G2 (G2 0 ) phases of the second cell cycle (cell cycle after irradiation).
Measurement of apoptosis
To determine apoptosis in monolayer cultures, Hoechst-33342 (Sigma, Germany) was added to the culture medium to give a final concentration of 1.0 mg/ml, then 20 minutes later PI solution was included at 5 mg/ml. As apoptotic cells generally detached from the substratum after irradiation, medium and wash solution were combined and centrifuged (300 g, 5 minutes). Trypsinized cells were centrifuged separately. Thus, the total number of apoptotic cells included those found floating in the medium and those in the adherent fraction. About 90-95% of the floating cells showed typical apoptotic morphology with an intact membrane. These cells exhibited bright blue fluorescing masses of chromatin that in some cases abutted at the nuclear membrane or, at later stages, showed bright blue fluorescing spherical bodies or pulverized chromatin and were identified as apoptotic. For quantitative analysis, apoptotic cells in the floating and adherent populations were counted. The fraction of apoptotic cells (A) in the whole cell population was determined according to: 
Measurement of protein expression
The expression of p53 tumor suppressor protein and its increase by ionizing radiation were quantitatively measured in nuclear extracts of 1 Â 10 6 cells using a pantropic immunoassay kit (ELISA kit QIA 26, Calbiochem, Germany) specific for p53. In the same way, the p53-dependent expression of p21 WAF1/CIP1 was measured using a p21-specific ELISA system (QIA18, Calbiochem, Germany). Nuclear extracts were prepared according to Tishler et al. 29 Briefly, 1 Â 10 6 cells were washed in PBS buffer and resuspended in hypotonic lysis buffer A (20 mM HEPES, pH 7.6, 20% glycerol, 10 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, 1 mM PMSF and 0.1% Triton X-100). After incubating for 5 minutes at 41C, cell lysates were centrifuged for 5 minutes at 800 g and the nuclear cell pellet resuspended in 100 ml extraction buffer (buffer A consisting 500 mM NaCl) and incubated for 30 minutes at 41C with gentle agitation. After centrifugation for 10 minutes at 35,000 g, the supernatant containing nuclear proteins was stored at À801C until used.
Western blot analysis
Exponentially growing cells 48 hours after irradiation were scraped from the dishes in PBS using a rubber policeman and centrifuged at 41C for 5 minutes at 1500 r.p.m. To make whole-cell extracts, cell pellets were resuspended in 1 pellet volume of extraction buffer (50 mM NaF, 450 mM NaCl, 20 mM Hepes, pH 7.6, 25% w/v glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 0.5 mg/ml pepstatin A, 1 mg/ml trypsin inhibitor, 0.5 mg/ml aprotinin, 40 mg/ml bestatin; all proteinase inhibitors were from Roche, Mannheim, Germany). The swollen cells were disrupted by incubation alternatively on liquid nitrogen and 301C (four times) for 1 minute each. The resulting suspension was sedimented by centrifugation (15,000 g, 10 minutes, 41C). Supernatants were stored at À801C prior to use and concentrations were determined by DC protein assay (Bio-Rad, Germany) analysis using BSA as the standard. Aliquots of total cell lysates (40 mg) were resolved in 4-12% precasted polyacrylamide-SDS gels, and subjected to Western blot analysis using Bax, Bcl-2 (Upstate Biotechnology) and bactin antibodies (Sigma, Germany). Bound antibodies were detected by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody, followed by enhanced chemiluminescence (Amersham, Germany) and autoradiography.
Results
Inhibition of radiation-induced p53 and p21 WAF/CIP1 induction by As-ODN The cell lines H460 and A549 have a wild-type p53 sequence and are functional with respect to radiationinduced expression of the p53 and p21 WAF1/CIP1 proteins. As shown in Table 1 , a significant increase in the expression of p53 (p21) was found in H460 and A549 cells by a factor of 2.8 (15.0) and 2.5 (2.0), respectively, at 4 hours after irradiation with 6 Gy. In H661 cells, p53 was mutated according to sequence analysis and functional inactive.
8 H661 showed no increase in the radiationinduced expression of p53 and a low level but noninducible expression of p21.
Initially, three different As-ODNs (As2, As3 and As4) targeting different regions of p53 mRNA and one UR ODN were tested with respect to their effect on radiationinduced upregulation of p53 and p21 proteins. As shown in Figure 1 , the most effective p53-specific As-ODN was As2 targeting the translational start of p53. Treatment with 150 nM As2 resulted in a reduced expression of p53 to 66.572.7 and 76.473.5% with respect to lipofectamin controls in H460 and A549, respectively, at 4 hours after irradiation with 6 Gy. The expression of mutant p53 in H661 cells was not dependent on radiation but was also reduced to 65.772.2% by As2 in comparison to the lipofectamin control (Fig 1a) . As2 also reduced the expression of the p53-responsive gene p21 WAF1/CIP1 in H460 and A549 cells to 32.874.3 and 73.074.8% of the control values, respectively (Fig 1b) . The effect of As4 in reducing the radiation-induced expression of p53 and p21 proteins was less pronounced. Treatment with As3 or UR ODN had no effect on radiation-induced expression of p53 and p21 proteins. Treatment with 150 nM As-ODN (Fig 1b) . These data show that As2 specifically inhibits radiation-induced upregulation of p53 and consequently p21 in H460 and A549 cells and that As21 was effective against radiation-induced p21 expression alone. In order to control for cell cycle-related effects of the As-ODN used, progression of transfected cells through the cell cycle has been measured.
Effect of As-ODN on cell cycle progression
To analyze the effect of p53 and p21 on cell cycle progression, H460 and A549 cells with wild-type p53 were transfected with As2 and As21. Cells synchronized by serum starvation in the G1 phase (75-90% in G1, 2-10% in S and 10-15% in G2/M) were transfected with ODNs at 20 hours after subculture. At this time, most of the cells progressed through the G1 restriction point and populations consisted of about 30-50% cells in late G1, 30-50% in S and 10-15% in G2/M. Cell cycle distributions at the time of irradiation at 20 hours after transfection (40 hours after subculture) are 50-60% G1 phase, 10-15% S phase and 20-25% G2 phase for H460. The respective values for A549 are 65-80% G1 phase, 5-10% S phase and 15-25% G2 phase.
To follow cell cycle progression of irradiated cells, BrdU quenching technique was used giving BrdU directly after irradiation with 20 Gy at 20 hours after transfection. Cell cycle progressions of irradiated cells are shown in Figure 2 . Transfection with 300 nM As2 significantly decreased the fraction of cells arrested in the G1 and G2 phases of the same cell cycle from 23 Radiation induced apoptosis and p21 A Sak et al 41.073.6% (Po.01), respectively, and increased the fraction of G1 0 from 5.670.7 to 16.271.0%. In conclusion, these data demonstrate that p53-mediated signal pathways regulate cell cycle progression through G1 and G2 phases, which mainly controls the mechanism of delayed radiation-induced apoptosis in NSCLC cell lines.
Downregulation of p53 and p21 contributes to increased radiation-induced apoptosis
All cell lines studied showed a delayed onset of apoptosis at times 424 hours, with a modest (o5%, A549), intermediate (30-40%, H460) and high (60-80%, H661) induction of apoptosis at 144 hours after irradiation with 20 Gy. Figure 3 shows an example for A549 and H460 cells after transfection and irradiation with 20 Gy. In both cases, transfection with As-p53 (As2) and As-p21 (As21) increased the fraction of apoptotic cells. As shown in Figure 4 , the most effective p53-specific As-ODN on radiation-induced apoptosis was As2 followed by As4 (Fig 4a) . Transfection of exponentially growing cultures of H460 and A549 cells with As2 and As21 significantly increased radiation-induced apoptosis in a concentrationdependent manner (Fig 4b) . Treatment with 300 nM As2 and As21 significantly (Po.05, t-test) increased radiationinduced apoptosis at 96 hours after irradiation with 20 Gy from 35.073.7 to 53.677.4% and 61.272.4% in H460 cells and from 1.170.4 to 10.872.9% and 32.276.2% in A549 cells, respectively. As-ODN had no effect on radiation-induced apoptosis in H661 with nonfunctional p53, although transfection with As2 decreased the expression of mutant p53 as effective as wild-type p53 in H460. In comparison, UR ODNs had no significant effect on radiation-induced apoptosis in all cell lines studied. However, there was a difference in the effectiveness of both As-ODNs with respect to the cell lines. As2 was more effective in H460 and As21 more effective in A549 cells. A linear fit through the data points (Fig 5) shows a significant inverse linear relation between apoptosis and radiation-induced expression of p21 WAF1/CIP1 in H460 (P ¼ .026; r ¼ À.768) and A549 (P ¼ .004; r ¼ À.875). In addition, fitting all data points for radiation-induced G2 arrest and apoptosis in H460 and A549 cells (Fig 6) shows a strong inverse linear relation (P ¼ .0002; r ¼ À.9534) in both cell lines. In conclusion, these data show that expression status of p53 and p21 WAF1/CIP1 can affect the level of G2 arrest and late radiation-induced apoptosis in NSCLC cell lines.
Induction of apoptosis and the expression of Bax and Bcl-2 proteins
The p53 protein is a positive regulator of the proapoptotic protein Bax, and a negative regulator of the antiapoptotic protein Bcl-2. Thus, p53 expression can influence the Bax/ Bcl-2 ratio and subsequently determines the cells response to radiation-induced apoptosis. Consequently, we monitored the constitutive and radiation-induced expression Evidently, a higher level of Bax expression by a factor of about 6 was found in the apoptosis-resistant cell line A549 in comparison to the more apoptosis-proficient cell line H460. Irradiation with 20 Gy increased Bax expression by a factor of about 3 in both cell lines with a slight decrease after treatment with As-ODN targeting p53. Furthermore, higher expression of Bcl-2 was found in the apoptosis-proficient cell line H460 in comparison to A549. Irradiation had no effect on Bcl-2 expression in both cell lines. In conclusion, no relationship of Bax or Bcl-2 expression and radiation-induced apoptosis was found in both cell lines.
Discussion
Radiation-induced cell cycle arrest at the G1 and G2 restriction point allows cells to repair DNA damage before cells proceed with DNA synthesis and cell division. It is known that irradiated NSCLC cell lines with wildtype p53 pass beyond the G1 and G2 blocks with delayed and markedly lower probability than cell lines with inactive p53. As a consequence, the fraction of late post-G2 apoptosis, induced in NSCLC cell lines with intact p53, was lower than in cell lines with functionally inactive p53. In order to analyze whether the traverse beyond the G2 block is a necessary prerequisite of radiation-induced apoptosis in NSCLC cell lines, we previously increased the G2 delay with genistein or plating on agarose and showed that radiation-induced late apoptosis could be inhibited. 8 The appearance of radiation-induced late apoptosis in a timely relation to the dissolution of the G2-phase block has also been shown by others. 30, 31 The aim of this study was to clarify the role of p53 and p21 WAF1/CIP1 in cell cycle progression beyond the G2 phase and induction of late apoptosis after radiotherapy in NSCLC cell lines.
A key step in regulating the progression of cells through the G2 phase into the M phase is activation of cdc2-cyclin B1 complexes. 11 It was shown that DNA damage prevents the activation of cdc2-cyclin B1 complexes by a p53-mediated pathway.
11 Although p53-dependent pathways Figure 5 Relationship between apoptosis and ionizing-radiation induced expression of p21 WAF1/CIP1 in A549 (J) and H460 cells ('). Cells were transfected with lipofectamin (1), 150 nM UR (2), As2 (3), As3 (5), As4 (6), As21 (7), or 300 nM As2 (4) and As21 (8) oligonucleotides. Protein expression was measured at 4 hours after irradiation with 6 Gy. Apoptosis was measured at 96 hours after irradiation with 20 Gy. Values relative to the lipofectamin controls are shown. A linear fit through the data points indicates a significant inverse relation between apoptosis and induced expression of p21 in H460 (P ¼ .026; r ¼ À.768) and A549 (P ¼ .004; r ¼ À.875). Figure 6 Relationship between apoptosis and ionizing radiationinduced G2 arrest in A549 (J) and H460 ('). Cells were transfected with lipofectamin (1), 300 nM UR (2), As2 (3), or As21 (4) oligonucleotides. Apoptosis and the fraction of G2-arrested cells were measured at 96 hours after irradiation with 20 Gy. A linear fit through all data points for both cell lines shows a significant (P ¼ .0002; r ¼ À.9534) inverse relation between apoptosis and radiation-induced G2 arrest. Figure 7 Western blot analysis of endogenous and radiationinduced protein levels (Bax, Bcl-2) in H460 and A549. Cells were irradiated with 20 Gy at 20 hours after transfection (L, lipofectamin; UR, unrelated; As21, As-p21; As2, Asp53). Protein lysates of mock (À) and irradiated ( þ ) cell cultures, prepared at 24 hours after irradiation, were subjected to SDS-PAGE and the protein levels were monitored by immunoblotting. The expression of b-actin was examined as a quantity control.
Radiation induced apoptosis and p21 A Sak et al are dispensable for the initiation of G2 arrest, they play an essential role in sustaining G2 arrest after DNA damage. 13, 32 Chan et al 12 have shown that DNA damage leads to a stabilization of p53, which was required for maintenance of the G2-phase arrest through transcriptional activation of 14-3-3s and p21 WAF1/CIP1 . Inactivation of 14-3-3s leads to migration of cdc2 and cyclin B1 to the nucleus and abrogates the G2-phase arrest. 12 The p21 protein was found in several cyclin kinase complexes, including those responsible for the G2 arrest 33 and was shown to downregulate genes prevalent in mitosis. 15 Although the mechanisms involved in the initiation step of G2 arrest mediated by p21 are not well defined, the maintenance of the G2 arrest involves GADD45 and 14-3-3.
14 Therefore, we studied whether inactivation of p53 or p21 with As-ODN could inhibit radiation-induced p21 expression, decrease G2 arrest and subsequently increase the fraction of apoptotic cells. This study demonstrates that As2 can decrease radiation-induced expression of p53 and p21 in both cell lines, and significantly abrogates G2 arrest in H460 and to a much lesser degree in A549 cells. Transfection with As21 decreases radiation-induced expression of p21 and significantly reduces the fraction of G2-arrested A549 but to a lesser degree in H460 cells.
As expected from the results of G2 checkpoint abrogation, both As2 and As21 increased the fraction of radiation-induced apoptosis in A549 and H460 with functional p53 proportional to checkpoint abrogation. Increased radiation-induced apoptosis after transfection with As-p21 was also shown in human colon cancer cell lines 34 and differentiating neuroblastoma cells. 35 In the present study, the effectiveness in increasing radiationinduced apoptosis was strongly related to the efficiency in reducing G2-phase arrest (Po.001). The finding that the effects of As-ODN against both p53 and p21 mRNA follow the same relation as shown in Figures 4 and 5 is a strong hint that p53 signalling influences both radiationinduced apoptosis and G2 arrest via a p21-dependent pathway. From these data, one can conclude that the effect of p53-and p21-specific As-ODN on radiationinduced apoptosis and G2 arrest can be predicted by their effect on radiation-induced expression of p21 WAF1/CIP1 . An enhanced effect of As2 in H460 and of As21 in A549 cells was seen on radiation-induced expression of p21 protein. In line with these observations, As2 was less effective in abrogating G2-phase arrest and inducing radiation-induced apoptosis in A549 in comparison to H460 cells. On the other hand, As21 was much more effective in A549 but less effective in H460. No differences in transfection efficiency were found, which otherwise would explain the effects of As2 and As21 in both cell lines. Cell-type-specific involvement of a number of other members of Cdk inhibitors or of other pathways known to influence the cell cycle progression and apoptosis, for example, the GADD45 14 or Cdc25 36 dependent pathways, which in part may be able to compensate for the loss of p21, can explain the differences found in both cell lines.
These results seem to be contradictory to the paradigm signalling pathway for radiation-induced apoptosis acts via p53-mediated upregulation of Bcl-2-related family members, that is, Bcl-2, Bax and Bak. Previously, it was shown that p53 is a positive regulator of the proapoptotic protein Bax and a negative regulator of the antiapoptotic protein Bcl-2. 37 However, in view of the fact that apoptosis in irradiated NSCLC cells occurs late after the G2-phase arrest, 8 direct p53-mediated activation of apoptotic pathways through activation of Bcl-2 protein family members is not expected. In the present study, a higher expression of Bax and a lower expression of Bcl-2 were found in the apoptosis-resistant cell line A549 in comparison to the more apoptosis-proficient cell line H460, although one would expect an inverse relation. In the same way, irradiation increased the expression level of Bax to the same extent in both cell lines, but had no effect on Bcl-2 expression. Thus, ionizing radiation-induced expression of Bax did not correlate with the apoptotic response of both cell lines. Consequently, radiationinduced apoptosis in NSCLC cell lines is independent of p53-mediated early apoptotic pathways. Previously, p53-independent apoptotic pathways have been observed in a variety of cell lines, including lymphoid cells, 21, 38 colon, 39 lung and leukemia 40 and squamous carcinoma cells 41 without affecting Bcl-2 and Bax expression. 38, 41, 42 Our results suggest that expression of wild-type p53 rather inhibit than promote radiation-induced apoptosis in NSCLC cells by activating p21 WAF1/CIP1 and subsequent G2 arrest. The molecular mechanism for the negative role of p53 in late proliferation-related apoptosis is not well understood. However, involvement of p53 in the spindle checkpoint 43 and centrosome homeostasis, 44 which prevents the segregation of damaged or incompletely synthesized DNA, may protect cells from late mitosislinked apoptosis as a result of mitotic failure. Thus premature entry into mitosis can lead to the activation of apoptotic pathways in M-phase cells.
In conclusion, these data show that inactivation of p53 and the p53-responsive gene p21 with As-ODN significantly decreases the fraction of G2-arrested cells and concomitantly increases radiation-induced apoptosis in cell lines with functional p53. Thus, p53-responsive pathways affect radiation-induced apoptosis in NSCLC cell lines, by controlling cell cycle progression through the G2 checkpoint of irradiated cell lines, unlike earlyinterphase apoptosis mediated directly by p53 in other cell types.
